The purpose of this study was to determine whether glycine is effective in correcting the age-related change in the N-methyl-D-aspartate (NMDA) receptor complex. Autoradiographic analysis of PHJMK801 and NMDA-displaceable [ J H]glutamate binding was performed with 0, 10, 30 and 100 \iM glycine on brain tissue from 3-, 10-, and 24-30-month-old C57B1 mice. Glycine, even at 10 \iM, enhanced binding to both the NMDA and MK801 binding sites in all age groups. Glycine was not able to reduce the absolute difference in PHJglutamate binding to NMDA sites between 3-and 24-month-olds. Low micromolar concentrations of glycine exacerbated the aging difference in PHJMK801 binding between young and old mice, but 100 \iM glycine produced smaller aging differences that were similar to those seen with no glycine. This study suggests that glycine may enhance NMDA receptor function in old animals, but it does not appear to correct the underlying problem with the NMDA receptor in aged animals.
O NE of the common declines in brain function that occur during aging in both humans and rodents is diminished learning and memory capacity (Krai, 1962; Barnes, 1979; Evans et al., 1984; Gage et al., 1984; Jolles, 1986; Pelleymounter et al., 1987; Rapp et al., 1987; Barnes, 1988) . N-methyl-D-aspartate (NMDA) receptors, a subtype of glutamate receptor, are an important component of learning and memory mechanisms (Cotman et al., 1989) . Antagonists of these receptors diminish the abilities of rodents to perform certain memory tasks, particularly those which rely on spatial memory (Morris et al., 1986; Alessandri et al., 1989; Butelman, 1989; Mondadori et al., 1989; Morris, 1989; Heale and Harley, 1990) . In addition, NMDA receptors have been shown to be necessary for the induction of longterm potentiation or enhancement (Collingridge et al., 1983; Harris et al., 1984; Morris et al., 1986) , a mechanism that is believed to be involved in memory functions at the cellular level (Collingridge and Bliss, 1987) .
We have found a selective vulnerability of these NMDA receptors to aging in C57B1/6 mice, as compared to other glutamate receptor subtypes that are associated with ion channels (Magnusson and Cotman, 1993a) . Some of this age-related difference appears to be due to a decrease in B mtx , as determined by homogenate binding with [ (Magnusson, 1995b) . However, the NMDA receptor site appears to be affected more by aging than other sites on the NMDA receptor complex (Magnusson, 1995a) . Several possibilities could explain the additional change in binding to the remaining NMDA receptor sites. There may be damage to the receptors or surrounding cell membrane caused by increased detrimental factors, decreased free radical scavenging, and/or decreased repair mechanisms during aging (Arking, 1991) . There could be subunit substitutions in the receptor complexes of the old mice. The different receptor subunits exhibit different affinities for glutamate (Kutsuwada et al., 1992) , so a substitution would manifest as a change in specific binding in a single concentration assay (Magnusson and Cotman, 1993a) . Finally, it is possible that there is a change in the affinity state of the receptor that might be corrected pharmacologically (Monaghan et al., 1988) . This last possibility was addressed in this study.
Glycine is known to enhance the affinity of glutamate for the NMDA receptor site (Lester et al., 1993) and the access of MK801 for its binding site within the channel of the NMDA receptor complex (Kloog et al., 1988; Reynolds and Miller, 1988) . It has been suggested that there are interconvertible affinity states for the NMDA receptor between agonist-and antagonist-preferring states and that glycine can switch an antagonist-preferring state into an agonistpreferring state (Monaghan et al., 1988) . In addition, there is evidence that glycine analogs enhance the activity of NMDA receptors and enhance memory performance in tasks that involve NMDA receptors .
The present study was designed to determine whether glycine could reverse the effect of the aging process on binding to the NMDA receptor site, which, if true, would suggest that the selective vulnerability of the NMDA receptor during aging was due to an affinity shift in the receptor site. In addition, the study determined whether the ability of glycine to enhance MK801 binding to the channel protein of the NMDA receptor complex was altered during the aging process.
METHODS

Animals and Tissue Preparation
Thirty-six C57B1/6NNIA mice from four different age groups (3,10, and 24 or 30 months of age) were sacrificed by cervical dislocation, followed by decapitation. Brains were removed and frozen in dry ice and stored in a -70 °C freezer. Six-micron-thick sections were obtained with a Zeiss cryostat and cold-mounted onto gelatin-coated slides. A repre- (Magnusson and Cotman, 1993a) . Slides were preincubated in cold (4 °C) 50 mM Tris acetate (TA50) buffer (pH 7.0) for 30 min, followed by 2 x 10 min incubations in warm TA50 buffer (30 °C, pH 6.5). Sections were then incubated in a solution of 100 nM [ 3 H]L-glutamate, 1 \xM kainate, 5 jxM 2-amino-3-hydroxy-5-methyl-4-isoxazole proprionic acid (AMPA), and 100 |xM 4-acetamido-4'-isothiocyanatostilbene-2,2'disulfonic acid (SITS) for 10 min at 4 °C. Excess incubation solution was removed and slides were rinsed in 4 changes of TA50 buffer for a total of 30 seconds at 4 °C, then dried with a stream of compressed air. Unlabeled 200 |xM NMDA was added to the incubation solution for determining nonspecific binding. -MK801 binding was performed as previously described (Magnusson and Cotman, 1993b) , with a preincubation added to reduce endogenous glycine. Slides were preincubated in cold (4 °C) 5 mM Tris acetate (TA5) buffer (pH 7.9) for 30 min. Sections were then incubated in a solution of 10 nM (Evans et al., 1982) , in the rinse increases specific binding of [ 3 H]MK801 compared to plain buffer (unpublished observation), presumably by impeding dissociation (Kloog et al., 1988) . Unlabeled 10 fxM MK801 was added to the incubation solution for determining nonspecific binding. (Reynolds et al., 1987; Ransom and Stec, 1988) .
B141
Compounds. -Tritiated ligands were obtained from Dupont NEN (Boston, MA). Unlabeled kainate, AMPA, NMDA, and MK801 were obtained from Tocris Neuramin (Bristol, U.K.). Glycine and SITS were purchased from Sigma (St. Louis, MO).
A utoradiography
Slides were apposed to tritium-sensitive film (Hyperfilm, Amersham), along with tritium standards (microscales, Amersham) for 10-21 days at -20 °C. All treatment groups within an assay were present on the same film. Film was developed in D-19 (Kodak) developer and Rapid Fix (Kodak). Quantitative densitometry was performed on 4 sections for total binding and 2 sections for nonspecific binding with the use of NIH Image software and a Macintosh II computer. Tritium standards were used to convert optical density measurements to fmol/mg protein of binding.
Statistical Analysis
Because of slight differences in concentration of tritiated ligand and film apposition between assays, a mean density of binding for all brain regions analyzed was obtained for each 3-month-old mouse and was averaged across 3-month-olds to obtain an average binding density for all the 3-month-old mice. This average was used to determine a normalization factor for each assay by dividing the average from all 3-month-olds by the mean for the 3-month-old in each individual assay. The amount of binding for each individual brain region for each animal within an assay was then multiplied by the normalization factor for that assay. All further analysis and results presented were based on the normalized results. Data for percent of 3-month-old binding was acquired by averaging, for each age group, the individual fmol/mg protein binding values divided by the average 3-month-old binding for the same brain region. Percent of 3-month-old binding was determined only within treatment groups. Statistical analysis was performed by three-way ANOVA for repeated measures Age x Glycine Concentration x Brain Region) and Fisher's LSD post-hoc test with the use of SPSS software. Both 30 and 100 (xM glycine significantly increased the specific binding to NMDA sites in all brain regions analyzed, as compared to binding in the absence of exogenous glycine (Figures 2B, 2C and 3B, 3C) . The significant differences in specific binding and the aging trends in binding between 3-and 24-month-olds were retained regardless of the addition of glycine in most regions (Figures 2 and 3) . Several regions exhibited a loss of significant differences between age groups with increasing glycine concentration, but this appeared to be primarily due to increased variability with glycine treatment, as opposed to an absolute decrease in the age difference (Figures 2, 3) .
RESULTS
Glycine Stimulation of NMDA-Displaceable
The specific binding to NMDA sites in 10-month-olds appeared to respond more to 30 |xM glycine than in either the 3-or 24-month-olds ( Figures 2B and 3B ), but there was no main effect of age [F(2,27 Glycine (10 u-M) was not able to significantly improve the percent of 3-month-old binding remaining in 10-or 30-month-olds over that seen with no added glycine. */; < .05 for difference from 3-month-old in same treatment group, n -6. Error bars = SEM. Inner, cortical layers IV-VI; outer, cortical layers I-III; Occ/Temp, occipital/temporal; lac/mol, stratum lacunosum/moleculare. in binding between 10-and 24-month-olds in several cortical and one subcortical region ( Figures 2B and 3B ).
There was a significant effect of glycine concentration (30 (xM vs 100 |xM) on the amount of increased binding induced by glycine [F(l,27) = 14.53, p = .001] . In all three age groups, the increase in specific binding induced by 30 fxM glycine was greater than with 100 fxM glycine. The 30 |xM glycine increased binding significantly more than 100 |xM in all brain regions analyzed in 3-month-old animals and in all but the frontal, occipital/temporal, and entorhinal cortex in 10-month-olds. The 24-month-olds showed significant differences in the amount of increase in specific binding between 30 and 100 (xM glycine only in occipital/temporal cortex and CA1 stratum lacunosum/moleculare, CA3 radiatum, and the dentate gyrus molecular layer. Although there was no significant effect of age on the response to specific concentrations of glycine, the 24-month-olds appeared to lag behind the 3-month-olds in increased binding when 30 |xM glycine was used, but were more equivalent to the 3-month-olds in response to 100 (xM glycine. Although many regions showed slight decreases with age between 3 and 24 months of age in [ Figures 4A and 5A ). This decrease was significantly different from 3-month-olds in 2 cortical and 4 hippocampal regions and differed significantly from 24-month-olds in the CA1 oriens regions. We have also seen this trend for a dip in The addition of 10 jxM glycine to the incubation media produced an aging trend that appeared to be a progressive decrease in [ Figures  4B and 5B) . The 10-month-old mice seemed to have a greater response to added glycine than the other age groups; however, this did not reach significance (Figures 4 and 5) . Half of the regions ( Figures 4B and 5B ) showed significant declines in binding between 3 and 24 months of age with 10 jxM glycine.
Only one region showed significant age differences in [ Figure 4C ). The mean difference in binding between age groups seemed to be similar between 10 (xM and 30 |xM glycine, but the variability of response to 30 (xM glycine was higher. There were no regions with significant aging changes in binding with the addition of 100 |xM glycine ( Figures 4D  and 5D ). The response of the tissue from 24-month-old mice seemed to be more similar to the response of 3-month-olds with the 100 fxM concentration of glycine. There was, however, no significant difference between the response of different age groups for each concentration of glycine.
All of the brain regions analyzed in the 10-month-old mice (except the thalamus) showed significant increases in specific fmol/mg protein binding of [ 3 H]MK801 between added glycine and no glycine, regardless of the glycine concentration added. The majority of brain regions from 3-month-old mice showed significant increases in binding density in response to 10 and 100 |xM glycine, but less were significantly increased with 30 jxM glycine. All cortical and hippocampal regions in 24-month-old mice exhibited significant increases in binding with 100 |i,M glycine, as compared to no added glycine, but only a few responded significantly differently between 10 and 0 and 30 and 0 |xM glycine.
DISCUSSION
The results of this study showed that binding to the NMDA receptor and its associated channel can be enhanced by the actions of glycine even in old mice. However, the age-related difference in specific binding of [ 3 H]glutamate to NMDA sites that has been described in C57B1/6 mice (Magnusson and Cotman, 1993a) was not effectively cor- rected by addition of glycine. This suggests that the problem with the NMDA binding site in old mice is not simply a distortion of the normal receptor that can be corrected by the affinity-enhancing effects of glycine (Lester et al., 1993) .
Our original findings of a lesser effect of aging on MK801 binding sites (Magnusson and Cotman, 1993b) , in the presence of both glutamate and glycine, than the NMDA sites was apparently due to a negative effect of glycine on the young mice (unpublished observation). The tissue was not rinsed prior to incubation with [ 3 H]MK8O1 to remove endogenous glycine and glutamate in the 1993 study. The present study was conducted with prerinses similar to that used by others (Young et al., 1989) for binding sites within the channel. The fact that there was any MK801 binding present suggests that there was some endogenous glutamate and/or glycine still present in the assay (Sakurai et al., 1991; Tacconi et al., 1993) , but the concentrations were reduced to the point where exogenous glycine did not have a negative effect on the young mice.
The present experiments demonstrated that in the absence of exogenous glutamate and glycine, there was little difference in [ Figure 4 . Graphs representing the differences between 3, 10, and 24 months of age in specific binding of [ It is likely that the binding was not at equilibrium under these conditions (Kloog et al., 1988) (Magnusson, 1995b) . Because glycine is known to increase the rate of binding of [ 3 H]MK801 to the channel (Kloog et al., 1988; Reynolds and Miller, 1988) , the present study thus suggests that (a) the rate of binding of [ closely resembled the limited aging difference seen with no added glycine. This widening of the aging difference in [ 3 H]MK801 binding, from newborn to aged, caused by glycine has also been seen in human studies (Piggott et al., 1992) , suggesting that this mouse strain is an appropriate model for studying changes in human NMDA receptors. This effect of glycine on the channel binding site for MK801 suggests at least two possible causes. One possibility is that the glycine site is damaged or somehow less effective with increased age in the C57B1 mice. Our [ portion of the complex has changed during aging such that it no longer responds as well to glycine.
Our glycine stimulation results seem contrary to a report that showed that aged NMRI mice responded more than young, in percent increase, to high concentrations (300 |xM) of glycine (Cohen and Muller, 1992) . The absolute increase in [ 3 H]MK801 binding, however, was similar between the young and the old mice, and the difference in binding between young and old was not changed significantly by addition of glycine in that study either (Cohen and Muller, 1992) , which is similar to our results with the highest concentration of glycine. The larger age difference in control conditions in the NMRI mice may be a reflection of strain differences or the use of forebrain for the homogenates. This would be composed primarily of brain regions in which cell loss is suspected in old C57B1 mice, based on the significant decreases seen in multiple glutamate receptor subtypes in these regions (Magnusson and Cotman, 1993a) .
The NMDA receptor complex in the middle-aged mice seemed to be different than in the 24-month-olds, both in responses to glycine and initial [ ]glutamate appeared to increase in the majority of regions and became significantly different in four brain regions. This suggests an improved ability of the middle-aged mice to respond to low concentrations of glycine, as opposed to the aged. The 10-month-old animals also appeared to have a more significant difference in [ 3 H]MK801 binding in the absence of exogenous glycine from 3-month-old densities than the 24-month-olds, suggesting a change in binding ability or rate of binding at middle age that is recovered or changed yet again by 24 months to result in a similar binding density between young and old under these conditions.
The number of regions with significant age-related changes in NMDA-displaceable [ 3 H]glutamate binding in 10-and 30-month-olds seen in this report was less than seen in our previous study (Magnusson and Cotman, 1993a) , although the aging trends appeared to be similar. Several possibilities may explain this difference. There could be individual differences in the effect of aging on the older animals used in the different experiments or different environmental effects (e.g., handling or shipping) on groups of mice purchased at different times. There appears to be a greater variability between individual old rodents than young in spatial memory performance (Gallagher et al., 1993) . There also were two different image analysis systems used in the two different reports, the MCID (Imaging Research, St. Catherines, Canada) system and NIH Image software, and different analyzers. These variables, however, were held constant within each of the two glycinestimulation experiments (Initial Study and Expanded Concentration Response Study) in this report and should be interpreted as such.
The frontal, parietal, and entorhinal cortices and the hippocampus (O'Keefe and Nadel, 1978; Olton et al., 1978; Ammassari-Teule and Gozzo, 1982; DiMattia and Kesner, 1988; Eichenbaum et al., 1990 ) have all been shown to be involved in spatial memory tasking. Several of these regions showed exacerbated age-related differences in binding to the channel at low glycine concentrations. If these lower concentrations represented the effective glycine concentration in the synapses of normal animals, or are higher than the effective concentration, this decline in responsiveness of the channel to glycine could account for some of the declines in spatial memory performance seen in aged animals (Gage et al., 1984; Rappetal., 1987; Barnes, 1988) .
The most encouraging finding in this study was that the ability of the old animals to respond to glycine with enhancement of binding on the NMDA receptor complex was still present. They did, however, seem to require a higher concentration of glycine than the young to consistently produce significant increases in binding in all brain regions examined. Glycine at a concentration of 100 |xM was the best at enhancing [ 3 H]MK801 binding in the aged animals and at reducing the age-related difference in binding seen at lower glycine concentrations. Although 100 |xM glycine appeared to be less effective than 30 |xM glycine at stimulating [ 3 H]glutamate binding to the NMDA sites in all age groups, in most brain regions it was almost equally as effective as 30 |xM glycine in the 24-month-olds. This higher requirement for glycine in old mice suggests that they may benefit from supplementation with glycine analogs, regardless of whether normal glycine concentrations are maintained in some brain regions, as has been shown in the rat (Banay-Schwaitz et al., 1989) . In addition, these results suggest that older mice receiving glycine analogs should be able to obtain a similar degree of enhancement of memory performance as supplemented young rats and mice (Monahan et al., 1989; Flood et al., 1992) , but will require a higher dosage. Finally, it has been reported that old rats can respond to d-cycloserine administration in vivo with improved performance in spatial memory tasks, but the old were still not able to perform as well as the unsupplemented young (Baxter et al., 1994) . This fits with our results in which glycine appears not to be a cure for the effects of aging on the NMDA receptor complex, but suggests that glycine analogs should provide a higher level of functioning in aged animals. In summary, glycine was able to enhance the binding at both the NMDA receptor site and the MK801 binding site in the channel in young, middle-aged, and old C57B1 mice, but was unable to correct the absolute difference in binding of glutamate to NMDA sites between young and old mice. These results support a role for glycine analogs in enhancing the function of the NMDA receptors in aged animals, but not in reversing the molecular problem with the receptor associated with the aging process.
